Abstract. Physical and optical characteristics of particles in smoke from 19 fires were measured in Brazil during the 1995 burning season as part of the Smoke, Clouds, and Radiation-Brazil (SCAR-B) project. The University of Washington C-131A measured particle sizes and absorption and scattering properties in very young smoke (<4 min old). These properties are related to fuel type, fzre intensity, combustion efficiency, and particle composition. The count median diameter (CMD) of particles from tropical forest fires were strongly and positively correlated with the combustion efficiency. The particle volume median diameter (VMD) of the particles from forest fires did not correlate well with combustion efficiency, but it was highly correlated with the emission factors of particles and unsaturated hydrocarbons. The median diameter and standard deviation of the particle size spectra for smoke from grass and cerrado fires did not correlate with either the combustion efficiency or any emission factor. The measured particle radiative properties correlated well with the measured particle sizes and compositions, and the relationships between these parameters are described fairly well by Mie theory. The optical properties of smoke from individual biomass fires in Brazil differ significantly from those of smoke from biomass burning in North America. In particular, the total light-scattering coefficient for smoke particles in Brazil is, on average, 15% less than for smoke particles in North America. Also, the average values of the single-scattering albedos of smoke particles in Brazil are 0.05 to 0.1 less than those in North America.
Introduction
Biomass burning is a major source of pollutants, generating an estimated 104 Tg yr '1 of aerosol particles worldwide [Andreae, 1991] [Andreae, 1991] . Smoke plumes from the largest fires can cover thousands of square kilometers, resulting in noticeable decreases in surface temperatures and possibly even changes in atmospheric circulation [Robock, 1991; Westphal and Toon, The burning of vegetation can be broken down into two combustion phases: flaming and smoldering. In flaming combustion, hydrocarbons are volatized from the thermally decomposing biomass, mixed with air, and rapidly oxidized in a flame. Fire fuel components in the flaming phase are cellulose (50-65%), lignins (16-35%), extractives (0.2%-15%), minerals, and water. While the several hundred reactions involved in combustion are not completely understood, the general reaction can be approximated by the combustion of cellulosic fuels [Pyne, 1984] : C6H120 6 + 60 2 --> 6CO 2 + 6H20 + 1.26 x 106 kJ Flaming combustion starts when the temperatures of the biomass reaches a temperature where exothermic reactions can take place, which is about 610 K for a pilot flame and 880 K for spontaneous combustion [Chandler et al., 1983] .
Particle formation begins with the creation of condensation nuclei, such as black carbon. Black carbon formation in a flame is generally restricted to combustion in the temperature range 1300-1600 K [Turns, 1996] . Current theories suggest that the particle formation process begins with the creation of large polycyclic aromatic hydrocarbons (PAH) from ejected fuel gases [Glassman, 1988] . The formation of cyclic molecules and PAH in the flame zone is believed to be closely linked to the availability of double-and triple-bonded hydrocarbons. Indeed, soot yields from allcanes are almost half those from their alkene and alkyne counterparts and one third those from aliphatic aromatics [Kent, 1986] . The PAH molecules grow to between 3000 and 10,000 atomic mass units through chemical and mechanical processes. At this point, these microparticles become condensation nuclei for other pyrolized species and experience considerable growth. Subsequently, many of these particles There have been few studies on aerosol formation in the smoldering phase, but it is known that the particles are formed by the condensation of volatalized organics [Ward, 1990] . The primary goal of this paper is to explore how smoke particle characteristics are related to measurable variables of fires: fuel type, the efficiency of combustion, and fire intensity.
Fuel type affects the properties of smoke particles because different fuels (e.g., grasses, shrubs, trees) have different mass loadings, surface area-to-volume ratios, and moisture contents. Because of the difficulty in characterizing fuel types from the air, fire fuels were divided into three broad categories: grass (or pasture), cerrado, and forest.
The second variable that affects smoke particles is the efficiency of combustion. Ward and Hardy [1991] define the combustion efficiency (CE) as the ratio of the concentration of carbon, [C], emitted as CO 2 to the total carbon emitted:
CE=
[C]cø2 (1) [ 
C]co + [c]co + [c].c + [c]c
where the subscript HC indicates the total unburned hydrocarbons (methane, nonmethane hydrocarbons (NMHC)), and PC the particulate carbon emitted. Thus CE is the fraction of fuel carbon emitted which is completely oxidized to CO 2.
When CE >_ 90%, a fire is generally in the flaming phase, and when CE _< 90%, it is in the smoldering phase . The smoke emitted from most fires is a product of flaming and smoldering combustion and can thus be described as "mixed" phase. Environmental variables such as fuel size and moisture, wind speed, atmospheric relative humidity, and fire direction (i.e., heading or backing) all influence combustion efficiency . Although the combustion efficiency defined by (1) is a very useful quantity for fire models, in experimental studies, it is often difficult to measure HC and PC. Since the emission of CO is closely linked to the emission of HC and PC [Ferek et al., this issue] , in this study we will use the modified combustion efficiency (MCE), which is defined as [Ward and Hao, 1992] 
MCE = [C]cø2
(2) The third variable that we will use to characterize fires is fire intensity. Ward and Hardy [1991] suggest that fires of higher intensity tend to emit larger particles. Also, it has been hypothesized that intense oxygen-starved combustion can have a significant effect on smoke particles [Corer et al., 1997] . To test these hypotheses, we will attempt to relate fire intensity to particle properties. Fire intensity is difficult to quantify. However, in this paper we wish simply to separate qualitatively the properties
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of smoke particles generated by low-intensity and high-intensity fires. To this end, we employ two methods. First, we can relate particle properties to the NO x emission factor of the fire. NO x is produced in fires from fuel nitrogen and by the oxidation of molecular nitrogen at high temperatures [Lobert and Warnatz, 1993] gravity, and B is the buoyancy of the plume (B=gp'/pa=gT'/T a, where P a and T a are the ambient atmospheric density and temperature, respectively, and p'and T' are, respectively, the density and temperature perturbation in the plume). Because the range of values of the flux-intensity scale defined in this way varies over 2 orders of magnitude, we use the logarithm to the base 10 of the flux-intensity scale.
Instrumentation and Sampling Techniques
The instrumentation aboard the University of Washington (UW) Convair C-131A in SCAR-B, the flight paths, and summaries of the accomplishments of each flight are given by Hobbs [1996] . Therefore we give here only brief descriptions of the instrumentation and experimental techniques pertinent to this paper.
The UW C-131A had aboard instrumentation for both continuous and intermittent "grab-bag" sampling. Much of the aerosol and some of the gas instrumentation could not react quickly enough to properly resolve the high concentration gradients present in plumes close to the fires. Therefore we employed a "grab-bag" technique, in which a 2.5 m 3 Velostat bag was rapidly filled with a sample of the smoke by ram air pressure. Samples for filters, particle sizing, and some gas measurements were obtained from the grab bag.
These measurements were correlated to data from the continuous sampling instruments averaged over the time period for which the grab-bag sample was collected. The grab-bag system had an aerosol cut point diameter of roughly 4 I.tm (PM4).
Over the 12 s that it takes to fill the grab bag, the aircraft travels about 960 m. All of the measurements presented in this paper were derived from a sample collected across the width of a smoke plume. Therefore the measurements can be interpreted as averages across the width of a plume. On some occasions, two passes through a plume (separated by less than 2 min) were required to fill a bag. Some ambient air (<25% by volume) was generally collected in a grab-bag sample.
However, since aerosol mass concentrations in the smoke plumes ranged from 5 to 50 times greater than in the ambient air, the influence of ambient air on the intensive properties of the plume samples was small (<10%).
Gas measurements made on the C-131A aircraft included CO 2, CO, NO x, NO, SO 2, 0 3, and certain hydrocarbon concentrations. The instruments used to measure CO 2, NO x, and 0 3 had short enough response times to permit continuous sampling during a plume penetration. In addition, a valve on the continuous gas analyzer manifold could be briefly switched to the bag to obtain measurements of CO 2 of NO x of a bag sample. The CO and SO 2 measurements were strictly from the Teflon filters exposed to grab bag samples were gravimetrically analyzed in a humidity-controlled chamber to +6 I.tg accuracy (+1 I.tg precision) to determine the mass concentration of the dried aerosol. In comparison, the average filter loading was 100 gg. These filters were subsequently analyzed by ion exchange chromatography for the following ions: CI', NO2', NO3', C2042' (oxalate), SO42', Ca 2+, K +, Mg 2+, Na +, NH4+. Quartz filters were analyzed for total carbon and black carbon concentrations in the aerosols using the technique of Cachier et al. [1989] . A discussion of particle composition is given by Ferek et al. [this issue].
Two instruments were used to size particles in high concentration in the smoke plumes: a differential mobility particle sizer (DMPS) and the PMS forward scattering spectrometer probe 300 (FSSP-300). The DMPS provides aerosol size spectra from 0.01 to 0.6 I.tm diameter based on particle electromobility [Winklmayer et al., 1991] . Since this instrument requires a 2 to 4 min analysis time, it was fed from the grab bag. During collection, particles were slightly dried (RH drops by <15%) due to higher temperatures inside the aircraft cabin. However, for the results presented in this paper the ambient relative humidity was not high enough to cause much hygroscopic growth of the particles [Kotchenruther and Hobbs, this issue]. The DMPS had a 310øC preheater, which cn111d ho 1.!cool tO bake off volatile compounds r ....h organics, su]fate, nitrate, and tightly bound water) from the sample aerosol. After applying this thermal pretreatment, the DMPS was used to measure the size spectrum of the remaining nonvolatile components of the partic]es. DMPS number distributions were parameterized by a lognormal curve fit:
where dr, is the particle diameter, dN is the number of particles in a d(ln dr,) interval, CMD is the count median diameter, and g gc is the geometric standard deviation of dr,. A similar The FSSP-300 was used to measure particles with diameters from 0.3 to 20 Ixm. In this instrument, sizing is based on the forward scattering of light by the aerosol relative to a polystyrene standard aerosol. Thus the FSSP-300 is prone to slight sizing biases for aerosols with low single-scattering albedos or indices of refraction significantly different from polystyrene (1.59). On the other hand, since the FSSP-300 is an open-celled instrument mounted on the wing of the aircraft, it has the advantage of providing in situ measurements of the particle size spectrum.
Intercomparison of the particle sizes measured on the To retrieve the wavelength dependence of the aerosol scattering, the UW C-131A was equipped with a three-wavelength (3-3.) nephelometer built by MS Electron [Hegg et al., 1996] . This instrument measures total light scattering and back scattering at wavelengths of 450, 550, and 700 nm. Since the 3-3. nephelometer has a relatively long response time (~5 s), it cannot resolve fine details in plume structure; instead it measures light scattering averaged over the width of a plume. From these measurements the wavelength dependence of light scattering can be determined.
The MS Electron 3-3. nephelometer has a backscatter shutter to determine the total hemispheric backscatter ratio (90'-170'). This value represents the atmospheric backscatter fraction in an optically thin atmospheric smoke layer with the Sun directly overhead (not to be confused with the fraction of radiation scattered upward by aerosols in the atmosphere). black carbon) with volatized shells are seen. An enlargement of another heterogeneous particle is shown in Figure 2c (also a negative image). Here a large "residue" ring is seen (this is likely to be somewhat larger than the original size due to flattening of the particle on impaction). The majority of the original particle has volatized, leaving the involatile core. The core particle itself is made up of several particles, probably BC and low volatility organics. There were considerable variations in the structure of the particle size distributions with regard to fuel, combustion efficiency, and other fire properties. A summary of the particle size characteristics by fuel type is given in Table 1. We will now discuss these results for each fuel type. Table 2 .
As noted earlier, the CMD was highly correlated with the MCE. Therefore it is also well correlated and anticorrelated with the emission factors for CO 2 and CO, respectively. Also, a reasonable anticorrelation exists between the CMD and the NMHC, since these are highly correlated with CO. Thus those aspects of a fire that determine the MCE (such as fuel type, oxidation rate, fire intensity, and fuel-air ratio) are also likely to determine the CMD. As noted in section 2, particles are nucleated in flames by PAHs, and they grow by condensation and coagulation. In such high temperature and particle-rich environments, coagulation and condensation are essentially the same process because of the very small sizes of the 32,021 This scenario is supported, in part, by the nature of the core particles. As shown in Figure 7 , there is a strong positive correlation (0.95) between the core particle CMD and the MCE (r=0.95). However, unlike unmodified particles, the VMD or the Og c for core particles are not correlated with the MCE. This could be due to coagulation decreasing the standard deviation of the particle number distribution.
While there is no significant correlation between the measured particle concentrations and the MCE or particle size parameters, there is a strong negative correlation between the particle volume parameters (VMD and {Jgc)and the fluxintensity scale (Table 2) If condensation and coagulation were the only mechanisms responsible for particle growth, the VMD should increase with the MCE. However, the VMD is negatively correlated with the MCE (albeit not significantly).
Also, very strong anticorrelations exist among VMD, the intensity-flux scale, and several emission factors such as NO x (Table 2) . Similarly strong correlations exist between {Jgv and these parameters.
Thus it appears that while the CMD is governed by flame processes, the VMD may be governed by processes outside the combustion zone.
There are strong correlations between VMD and the emission factors of propene, benzene, and toluene (Table 2) . At high temperatures these double-bonded carbon species have accelerated reaction rates. If these unsaturated hydrocarbons survive the combustion process, it is likely that longer chain hydrocarbons also survive.
After smoke leaves the combustion zone, it cools rapidly and the longer chain hydrocarbons condense onto the larger particles, thereby increasing the VMD. This interpretation is supported by the positive correlation between the VMD and the aerosol mass emission factor. Thus much of the aerosol mass is likely to be a result of condensation of these hydrocarbons.
Condensational Therefore the aerosol in a plume derived from many small subfires. It is not surprising therefore that the aerosol size spectra in such plumes had a broad distribution and a large VMD.
In summary, at least three processes probably govern the aerosol size distribution emitted by a fire. First, the data indicate that the CMD is influenced most heavily by in-flame processes such as high-temperature condensation and coagulation. Second, since the ¾MD is a function of the emission factor of unsaturated hydrocarbons, it is likely dominated by the condensation of low volatility and long-chain hydrocarbons. Finally, the highly heterogeneous nature of a fire on small scales will likely produce very variable aerosols in a plume. In both of these cases, measurements were performed on very young smoke plumes (<5 min old) using the same UW aircraft facility, instrumentation, and protocols. Thus it is unlikely that these observed differences in particle size are the result of artifact.
The magnitudes of the CMD and VMD of the aerosols produced by biomass burning in
There are several possible reasons for the differences between the smoke from fires in Brazil and North America.
Firstly, the vegetation is quite different. Also, the sizes of fires studied in North America were much larger than those studied in SCAR-B. For example, in the two North American studies mentioned above, the particle concentrations close to the fires were at least a factor of 4 to 10 greater than those measured in SCAR-B. Thus particle growth by coagulation would be expected to be roughly 16 to 100 times more efficient in the North American plumes than in the plumes studied in SCAR-B. It is also likely that in such very intense fires there is oxygen depravation in the interior flame zone causing significant changes in fire chemistry [Cofer et al., 1997] . In such circumstances, particles would not be fully oxidized and thus may be larger in size. Thus it is not surprising that the smoke from the very large and intense fires in North America is significantly different than that from the smaller fires measured in Brazil.
4.2.2.
Grass and cerrado fires. Particle size distributions in plumes from four cerrado and five grass fires were measured with the DMPS. Because the grass and cerrado fuels tended to be dry and small, almost all of the smoke was from flaming combustion, and the MCEs were in the range of 0.89-0.98. Average particle size spectra for grass and cerrado fires are shown in Figures 8a and 8b , respectively. The particle count and volume size distributions varied tremendously.
Grass fires typically had an average CMD and VMD of 0.1 and 0.33 !xm, respectively. The CMD follow the same trends that we have described for forest fires, increasing with increasing MCE (r=0.57). However, unlike the forest fires, the VMD for the grass and cerrado fires increased with increasing MCE (r=0.68).
These regressions improve significantly if the CE is substituted for the MCE (with r values of 0.73 and 0.74 for the CMD and VMD, respectively).
Cerrado fires typically had the smallest volume median diameter (0.22 !xm) of all the fuel types. Also, cerrado fires exhibited the most variation in number distributions, with CMD values clustering around 0.08 and 0.125 !xm. In a plot of CMD versus MCE (not shown) the line connecting these two clusters has a negative slope; that is, the particle size decreased with increasing combustion efficiency.
Furthermore, the values of the VMD, O•c, and o t• v for cerrado
fires increased with increasing combustion efficiency. These trends are opposite to those for the forest fires.
While the differences between the particle characteristics for the different fuel types are interesting, it must be emphasized that the trends for the grass and cerrado fires are not statistically significant. Correlations between particle moments for grass and cerrado fires and the MCE may be good, but due to the low number of data points, the p values are high.
Optical Properties of the Smoke Particles
Particle absorption.
A summary of our measurements of the absorption characteristics of the smoke aerosols is given in Table 3 
Closure studies.
We will now explore the extent to which the optical parameters of the smoke we measured in Brazil are described by Mie theory. This exercise has three primary purposes. First, we wish to determine if our measurements of the sizes and optical parameters of the smoke are consistent with each other. Second, we hope to gain insights into the mechanics and chemistry of the smoke particles. Finally, in view of the complex morphology of the fine-mode smoke particles, we wish to determine the extent to which Mie theory can predict the optical properties of the smoke aerosol.
We begin by performing a correlation analysis of our measured parameters for smoke from the forest fires. Table 5 lists correlation coefficients and p values for all the optical parameters at a wavelength of 550 nm, the MCE, the particle size parameters, and some emission factors. Overall, the correlations between the parameters behave as expected. For In almost all cases, the optical parameters of the aerosol correlate better with the emission factors of unsaturated hydrocarbons than they did with the particle size distribution parameters or the combustion efficiency. This is due, in part, to the fact that in a smoke plume it is easier to measure the emission factors for hydrocarbons than it is to measure the size distribution of the particles. As discussed above, the particle VMD correlated better with the emission factors for unsaturated hydrocarbons than it did with the combustion efficiency. Thus the high correlation between the unsaturated hydrocarbons and the optical parameters may simply indicate that there is less variance in our hydrocarbon measurements than there is in our particle sizing measurements. The high correlation between the hydrocarbon emission factors and the optical parameters also may be indicative of a change in particle composition. As discussed above, high emission factors for unsaturated hydrocarbons probably indicate high emission factors for condensates. Thus when the emission factors for unsaturated hydrocarbons are high, particles may grow more by condensation, which can change their refractive index, black carbon content, and morphology. These changes would manifest themselves as changes in the optical properties of the aerosol. To shed light on these results, Mie calculations were carried out using the particle lognormal volume distribution parameters given in Table 1 . Because coarse particles did not contribute significantly to the measured scattering and absorption measurements, they were excluded from this analysis. From our DMPS measurements the particle density was assumed to be 1.35 g cm '3. Black carbon constituted 7.5 and 5% of the particle mass for flaming and smoldering phase This closure study demonstrates the sensitivity of Mie theory to the values used for the particle parameters. It is likely that the index of refraction of biomass-burning aerosol depends on combustion efficiency, fuel type, and fire intensity. We found that varying the index of refraction of the particle coating by +0.05 produced a +0. First, it is conceivable that the index of refraction of the particle decreases with increasing particle size. Organic compounds may preferentially exist in the larger sizes, since the larger particles are less oxidized in the flame. Second, it is possible that the black carbon is not evenly distributed across all particle sizes. By using the preheater on the DMPS we know the size distribution of the core particles, but we do not know (Table 5 ). However, it is possible that there is a systematic error due to flaws in the nephelometer design. It is also possible that for the purpose of calculating [•(1) there is some deficiency in the application of Mie theory.
Conclusions
Particles produced by forest fires in Brazil correlate well with fire intensity and certain emission factors. However, the MCE may not be so good a predictor of the emission factor and characteristics of smoke particles as it is for gaseous emissions. Three processes appear to govern the particle size distributions in the smokes. First, the high positive correlation between the CMD and the fire combustion efficiency suggests that the CMD is influenced most strongly by in-flame processes, such as high-temperature condensation and coagulation. Second, since the VMD is not a strong function of the MCE but is highly correlated with the emission factors of unsaturated hydrocarbons such as alkenes and aromatics, and in view of the positive correlation of the VMD with the aerosol mass emission factor, the VMD may be controlled by the condensation of low volatility and long-chain hydrocarbons. Finally, smoke from smoldering and mixed-phase fires in this study arose from many small pockets of combustion which burned with various degrees of efficiency, which gave rise to a broad particle size distribution. This effect was greater than the tendency of aerosol condensation and coagulation to decrease the width of the particle spectra.
Large variations in the size distributions of smoke particles produced large variations in their optical properties. Smokes from forest fires in Brazil absorbed more and scattered less solar radiation than smoke from biomass burning in North America. This is likely due to the smaller particle sizes o! smoke in Brazil. The optical properties of smoke from grass and cerrado fires in Brazil are similar to those measured in other locations.
Despite the complicated internal structure of fine-mode smoke particles, Mie theory applied to particles assumed to have a central absorbing core coated with organics did reasonably well in predicting the particle optical properties. The measured mass scattering efficiency at wavelengths of 450, 550, and 700 nm were generally within 20% of values predicted by Mie theory.
However, the wavelength dependence of the aerosol mass scattering efficiency and the backscatter ratio were only fairly reproduced by Mie theory. These discrepancies may be compensated for in part by adjusting the assumed index of refraction and black carbon content of particles with size. However, the reason for the consistent discrepancy between the measurement of the backscatter ratio and the Mie theory is unclear.
